Abstract-High power gyrotrons are used for electron cyclotron heating and current drive in tokamak plasmas. These sources operate with typical efficiencies between 35-50%. For gyrotrons producing one megawatt of RF power, at least one megawatt of electron beam power must be dissipated in the collector. To disperse this power over a larger region, a cyclically varying magnetic field sweeps the spent beam axially along the collector surface. This reduces the average beam power in a specific region; however, cyclic fatigue of the metal surface is causing collector failures. This research is addressing this problem by exploring alternative collector configurations and materials. New configurations reduce the peak power densities below levels requiring collector sweeping, and material improvements increase the predicted lifetime by an order of magnitude.
I. INTRODUCTION
yrotrons are used around the world for electron cyclotron heating (ECH) and current drive in tokamak plasmas. One MW gyrotrons at 140 GHz are in production for the Wendelstein 7-X facility in Greifswald, Germany. One MW gyrotrons at 170 GHz are in operation in Japan at the Japanese Atomic Energy Agency (JAEA), and one MW gyrotrons at 110 GHz are in operation at the DIII-D tokamak at General Atomics in San Diego, CA. The operation efficiency of these devices ranges from approximately 33% to 50%.
Gyrotrons use very hollow electron beams. Consequently, the beam power is very high when the beam impacts the collector surface. For one MW gyrotrons, the power density typically exceeds 1.2 kW/cm 2 . A peak power density of 1 kW/cm 2 is generally considered the maximum safe level for long pulse operation. To allow for azimuthal variations in beam current and asymmetries in the electric and magnetic fields, simulated peak power densities below 700 kW/cm 2 are typically required for steady state operation.
Currently, time varying magnetic fields sweep the electron beam along the collector surface. These fields typically vary at 10 Hz and reduce the average power density in any particular region to approximately 600 W/cm 2 . Any particular region on the collector experiences a pulse of power sometimes exceeding 1.2 kW/cm 2 at the sweep frequency of the magnetic field.
Two gyrotron collectors at General Atomics experienced vacuum leaks between the vacuum surface and water channels. These failures were attributed to cyclic fatigue of the copper wall. These gyrotrons failed after a few years of operation, and it is likely that other gyrotrons will fail after experiencing similar hours of operation.
Calabazas Creek Research, Inc. (CCR) is funded by the U.S. Department of Energy to develop alternative configurations and materials to eliminate cyclic fatigue failures in high power gyrotrons. Two approaches are in development. The first is to change the geometrical, electric, and magnetic filed configuration to reduce the peak power densities below levels requiring collector sweeping. The other is to explore alternative materials more resistant to cyclic fatigue failure.
II. ALTERNATIVE COLLECTOR CONFIGURATION
In 1997, the U.S. Department of Energy funded CCR to develop a multistage depressed collector for 1 MW CW gyrotrons. Using techniques developed by Amarjit Singh, the program designed a two stage collector with adiabatic and non-adiabatic magnetic fields to sort the spent electron beam by energy. The sorted electrons impacted appropriate depressed collector surfaces to maximize the collector efficiency. Designs were developed with collector efficiencies approaching 70%, including the effect of secondary and reflected primary electrons. The peak power densities on the collector surfaces were typically below 300 W/cm 2 . A modified version of that collector was simulated with a single stage of collector depression, shown in Fig. 1 . With 28 kV of collector depression, the peak power density was approximately 500 W/cm 2 . This is below levels requiring collector sweeping.
The design requires a central structure containing iron inside the collector and two, steady state, collector coils around the outside. While mechanically more complex, time Current efforts include 3D simulation of gyrotron collectors. CCR's 3D trajectory code Beam Optics Analysis is being upgraded to support computer optimized design of gyrotron geometry and fields. The optimization routines will explore designs that reduce power density, rather than increase efficiency. Fig. 2 shows a 3D simulation of a gyrotron collector, including the asymmetrical mirrors and the quasi-optical launcher. 
III. IMPROVED MATERIALS
The program investigated alternative materials to reduce susceptibility for cyclic fatigue of collector surface. Tungsten, for example has much higher resistance to cyclic fatigue than copper. Consequently, CCR investigated coatings for copper collectors that could increase the expected lifetime for swept operation. The program investigated glidcop, tungsten, and tungsten-copper coatings. Fig. 3 shows copper plates with coatings of the indicated type and thickness. The plates were thermomechanically analyzed to determine the expected life time for cyclic heating. The heating cycle was set for a 1 MW CW gyrotron with sweep frequency of 10 Hz. The transient analysis predicted the expected lifetime. The thermomechanical model and a sample temperature profile are shown in Fig. 4. Fig. 5 shows temperature profiles versus distance into the material for several materials. Note that the temperature of the surface is higher for tungsten coated surfaces, but the copper temperature is lower for these composite materials. Therefore, the lifetime for cyclic fatigue from swept operation is increased by approximately an order of magnitude. Unfortunately, the lifetime for on/off operation is reduced compared to a solid copper collector. This is because the temperature variation is greater for on/off operation, and the differences in thermal expansion have a greater impact.
To address this issue, CCR investigated coatings consisting of a mixture of tungsten and copper. This is similar to glidcop, where alumina is mixed with copper. For these simulations, the lifetime for the tungsten-copper coating increased by a factor of 10 for swept operation and by 33% for on/off operation.
The best results were predicted for glidcop coatings. In this case, the lifetime increased by a factor of 100 for swept operation and a factor of 10 for on/off operation.
The simulation results are encouraging, but it will be necessary to actually test these coatings under realistic conditions to verify the results. CCR proposed construction of a test facility to perform these experiments. If approved, the coated plates shown in Fig. 3 will be subjected to a pulsed electron beam at power levels relevant to gyrotron collectors. Collector configurations and alternative materials were identified to address cyclic fatigue issues with the current generation of high power gyrotron collectors. Additional research is required to confirm the results and test the techniques under realistic conditions.
